Alzheimer's disease (AD) is a currently incurable neurodegenerative disorder and is the most common form of dementia in people over the age of 65 years. The predominant genetic risk factor for AD is the e4 allele encoding apolipoprotein E (ApoE4). The secreted glycoprotein Reelin enhances synaptic plasticity by binding to the multifunctional ApoE receptors apolipoprotein E receptor 2 (Apoer2) and very low density lipoprotein receptor (Vldlr). We have previously shown that the presence of ApoE4 renders neurons unresponsive to Reelin by impairing the recycling of the receptors, thereby decreasing its protective effects against amyloid b (Ab) oligomer-induced synaptic toxicity in vitro. We showed that when Reelin was knocked out in adult mice, these mice behaved normally without overt learning or memory deficits. However, they were strikingly sensitive to amyloid-induced synaptic suppression and had profound memory and learning disabilities with very low amounts of amyloid deposition. Our findings highlight the physiological importance of Reelin in protecting the brain against Ab-induced synaptic dysfunction and memory impairment.
INTRODUCTION
Alzheimer's disease (AD) is a progressive neurodegenerative disease characterized by the buildup of plaques of amyloid b (Ab) and neurofibrillary tangles of hyperphosphorylated tau. An early-onset form of AD is caused by familial mutations in the Ab-generating machinery and accounts for a small percentage of patients. The primary genetic risk factor for the far more common late-onset form of AD is possession of the e4 allele encoding apolipoprotein E (ApoE4), which is present in 20% of the population but has a prevalence of 50 to 80% in AD patients (1).
We have previously shown that ApoE4 disrupts synaptic function by impairing the recycling of apolipoprotein E receptor 2 (Apoer2) in the neuron (2). Apoer2, together with the very low density lipoprotein receptor (Vldlr), also binds the protein Reelin, a large secreted neuromodulator that regulates central nervous system (CNS) development and enhances synaptic plasticity (3, 4) . Reelin clusters Apoer2 and Vldlr, leading to the activation of the cytosolic adaptor protein Disabled-1 (Dab1), which has several important consequences (3, 5) . First, Dab1 activation leads to the phosphatidylinositol 3-kinase-dependent inhibition of glycogen synthase kinase 3b (GSK3b), which results in the dephosphorylation of the microtubule-associated protein tau (3, 6) . Second, Dab1-mediated activation of Src family kinases leads to the tyrosine phosphorylation of the NR2 subunit of N-methyl-D-aspartate receptors (NMDARs), resulting in reduced NMDAR endocytosis and greater calcium influx when NMDARs are activated (7) (8) (9) (10) . Consequently, Reelin application to acutely isolated hippocampal slices enhances longterm potentiation (LTP) (11) . On the other hand, direct application of Ab oligomers to slices inhibits LTP, which can be prevented by co-application of Reelin (12, 13) . Because ApoE4 reduces the availability of Reelin receptors at the synaptic surface by impairing receptor recycling, Reelin cannot effectively protect against the Ab-mediated impairment of synaptic plasticity in the presence of ApoE4 (2). Consistent with this, intrathecal injection of Reelin strengthens learning and memory (14) . Moreover, nonphysiological overexpression of Reelin delays plaque deposition and memory impairment in a transgenic mouse model (15) . However, there has been no in vivo evidence to show that activation of the Apoer2 signaling pathway by Reelin protects the brain against the pathological consequences of rising amyloid accumulation in AD.
In addition to its roles in adult synaptic function, Reelin is expressed early in development by Cajal-Retzius cells and directs the positioning of postmitotic neurons (16) . Reelin knockout (reeler) mice have inverted cortical layering, disrupted hippocampal structure, and a lack of foliation in the cerebellum, which leads to a severe ataxic phenotype and early lethality (17, 18) . Heterozygous reeler mice have normal neuronal migration but exhibit reduced LTP, impaired learning, and reduced sensorimotor gating (19, 20) . It remains unclear if the phenotype in the heterozygous reeler mouse is due to the developmental or adult effects of Reelin deficiency, for example, subtle neuroanatomical and/or morphological changes or defects in synaptic transmission.
To address these fundamental questions, we have investigated the effect of complete Reelin loss on synaptic function and behavior in normal mice and in mice that moderately overproduce Ab. To bypass the deleterious consequences of embryonic absence of Reelin for brain development, we generated an inducible conditional Reelin knockout (cKO) mouse. After Reelin inactivation at 2 months of age, Reelin cKO mice were morphoanatomically indistinguishable from their wild-type littermate controls with a normal cortical architecture, but they did exhibit a subtle behavioral and electrophysiological phenotype. However, modest transgenic expression of human Ab in these mice resulted in impaired spatial learning and memory. Together, our results suggest that, whereas a healthy adult CNS can compensate for Reelin loss, Reelin signaling is vital to protect against the incipient Ab toxicity that induces synaptic dysfunction during the early stages of aging.
RESULTS
Conditional knockout mice exhibit complete loss of Reelin upon tamoxifen induction and recapitulate the reeler phenotype when induced in the germline
To determine the role of Reelin in adult synapse function and behavior, we first had to separate the adult effects of Reelin loss from its absolute requirement for brain development. Because Reelin-deficient (reeler) mice have a severe developmental phenotype that effectively compromises all studies of Reelin loss in the adult brain (18) , we generated a Reelin cKO mouse line. Reln flox/flox mice were derived using a construct in which the first exon of the Reln gene was flanked with loxP sites (Materials and Methods and Fig. 1A ), bred to homozygosity, and crossed with an inducible Cre recombinaseexpressing line, from here on referred to as the CAG-Cre ERT2 line (21) . This mouse line ubiquitously expresses a fusion protein composed of Cre recombinase and a mutated form of the estrogen receptor (Cre-ERT2), and tamoxifen administration induces nuclear Cre activity and knockout of the floxed gene. Western blotting showed that Reelin amounts in the hippocampi of tamoxifen-injected Reln flox/flox mice were reduced to less than 5% of that in vehicle-injected mice and that Reelin was undetectable in most mice (Fig. 1, B and C) . The brain-wide loss of Reelin was confirmed through immunohistochemistry, which revealed a total loss of Reelin throughout the brain ( fig. S1 ). Reelin-induced phosphorylation of Dab1 targets this protein for proteasomal degradation, and thus, loss of Reelin signaling results in higher Dab1 protein abundance (22, 23) . Immunoblotting showed that Reelin cKO mice exhibited increased Dab1 protein abundance, similar to reeler mice and confirming complete loss of Reelin function (Fig. 1D) . Moreover, this observation also confirms that the Reelin signaling pathway is physiologically active in the adult brain because Dab1 turnover depends on pathway activation.
To confirm that the Reln flox/flox line can fully recapitulate the reeler phenotype, we crossed Reln flox/flox mice with the Meox-Cre line, which induces recombination in epiblast-derived tissues and thus also in the germline (24) . These mice showed the typical reeler phenotype with inverted cortical layering and a lack of cerebellar foliation ( fig. S2 ). Together, these data demonstrate that Cre recombinase readily and rapidly inactivates the gene in Reln flox/flox mice, and thus, these mice constitute an effective cKO model in which the consequences of adult Reelin loss can be investigated.
Adult loss of Reelin affects the abundance of Dab1 but not that of downstream effectors or glutamate receptor
To determine the extent of the disruption of the Reelin signaling pathway in Reelin cKO mice, we next assessed the activity of downstream effectors of Dab1 signaling. We found that although reeler mice exhibited reduced phosphorylation of GSK3b at Ser 9 (an inhibitory phosphorylation site) (6), our Reelin cKO mice showed no change relative to controls (Fig. 1E) , suggesting that the increased GSK3b activity in the reeler mouse brain (which lacks Reelin during development) is caused and maintained by the persistent disruption of the brain architecture. We similarly observed no changes in the phosphorylation of Akt, extracellular signal-regulated kinase (ERK), or Src (Fig. 1, F to H) , three other downstream effectors of Reelin signaling, including in the germline reeler mice that survive to 2 months of age (25, 26) . We then determined the whole-cell abundance of glutamate receptors because these are altered in heterozygous reeler mice (27) . GluA1 and GluA2/3 abundance was unaltered in all mice (Fig. 1, I and J). NR2A abundance was similar in all mice (Fig. 1K) . NR2B abundance was increased in reeler mice but not in the cKO mice (Fig. 1L) .
Tau is hyperphosphorylated in reeler mice, which likely contributes to neuronal dysfunction in these mice (3) . We examined the phosphorylation of tau at two sites in the cKO mice: the AT8 epitope and Thr
231
. Neither was altered in the cKO or the reeler mice (Fig. 1M) . We further showed previously that strain background-dependent tau phosphorylation correlates with early postnatal death in these lines, which readily explains the absence of tau phosphorylation in adult reeler mice (28) . Together, these biochemical results indicate that, whereas we successfully disrupted Reelin signaling in the cKO mice, other adaptive responses may be able to compensate to some extent for Reelin loss in young, healthy mice.
Adult Reelin cKO mice have normal CNS architecture
Reelin is required for the development of layered brain structures, particularly for cortical lamination and the formation of the cerebellum. Moreover, disruptions of the Reelin signaling pathway have been shown to cause granule cell dispersion (29) . To confirm that we were successful in bypassing the severe developmental effects of Reelin gene disruption, we evaluated sections from Reelin cKO mice for altered cytoarchitecture. reeler mice have disorganized cortical layering; by contrast, the cKO mice exhibited normal cortical layering, as judged by NeuN labeling, 1 month after tamoxifen injection (Fig. 2 , A to C). Similarly, whereas reeler mice have a loss of foliation in the cerebellum, cKO mice cerebella appeared grossly normal (Fig. 2, D to F) , as did the hippocampi (Fig. 2, G to I ). These data suggest that Reelin is not required for the maintenance of CNS layering in the adult.
After normal development, interference with Reelin signaling through application of the CR-50 antibody causes granule cell dispersion (30), yet we found no evidence of granule cell dispersion in Reelin cKO mice 1 month after tamoxifen injection (Fig. 2J ). This discrepancy may be explained by the fact that CR-50 blocks the oligomerization of Reelin, which interferes with signaling through the canonical Reelin pathway, but may not prevent the binding of Reelin to other receptors, such as members of the Eph/Ephrin family or integrins, thereby potentially causing dominant negative interference (31) (32) (33) . Moreover, injection of the functionally neutralizing CR-50 into the dentate gyrus may effectively establish a Reelin signaling gradient, leading to the dispersion; in our model, Reelin is homogenously knocked out, thus preventing the development of such a gradient.
Finally, because primary cultures of reeler neurons have reduced spine density and Reelin supplementation increases dendritic spine density (14, 34), we measured dendritic spine density in the cKO mice. Brains were stained using the Golgi method, and the spine density of apical CA1 dendrites was measured. We found no differences between cKO and control dendritic spine density (Fig. 2, K to N) . Moreover, whereas heterozygous reeler mice have altered spine morphology (35), we observed no difference in cKO mice (Fig. 2, O and P) . Together, these data indicate that interruption of Reelin signaling in the adult and fully formed brain results in no obvious structural changes.
Reelin cKO mice have a mild behavioral phenotype
Because we found that adult loss of Reelin has no effect on brain structure, we sought to explore the behavioral phenotypes of Reelin cKO mice. Reeler mice have a stereotypical ataxia, which precludes equal comparison with wild-type mice on most behavioral tasks. Moreover, heterozygous reeler mice have an age-dependent reduction in ability to perform the rotarod task (36) . To determine whether adult loss of Reelin affects motor skills, we tested motor learning and coordination in 3-month-old Reelin cKO mice on the rotarod. We found no difference in the performance of cKO mice compared to their littermate controls over the course of 10 days of training ( fig. S3A ).
Next, we evaluated Reelin cKO mice for changes in anxiety because heterozygous reeler mice have reduced anxiety (37) . First, mice were tested on the open-field task, in which they were put into an open-field box, and the time spent in the center versus the periphery was measured. Reelin cKO mice spent slightly more time than did controls toward the end of the hour in the center of the field compared to the periphery, which may suggest reduced anxiety (Fig. 3A) . To further evaluate this potential reduced anxiety phenotype, we tested the mice on the elevated plus maze task. In this task, mice were placed on an elevated central platform and allowed to explore the four arms extending from it: two "closed" arms with high walls and two "open" arms with no walls. More time spent in the closed arm is considered to reflect increased anxiety. We found that all genotypes spent similar ) normalized to total GSK3b (E) (one-way ANOVA, P = 0.0012; post hoc cKO compared to KO, P < 0.001); phosphorylated Akt normalized to total (t) Akt (F); phosphorylated ERK normalized to total ERK (G); phosphorylated Src normalized to total Src (H); GluA1 (I); GluA2/3 (J); NR2A (K) (one-way ANOVA, P pAkt/tAkt = 0.5329, P pERK/tERK = 0.9946, P pSrc = 0.2660, P GluR1 = 0.1458, P GluR2/3 = 0.3996, P NR2A = 0.1168); and NR2B (L) (one-way ANOVA, P = 0.0593; post hoc cKO compared to reeler, P < 0.05). For (E) to (G) and (I) to (L): TAM−, n = 8 mice; VEH+, n = 11 mice; cKO, n = 11 mice; reeler, n = 5 mice. For (H): TAM−, n = 6 mice; VEH+, n = 6 mice; cKO, n = 6 mice; reeler, n = 5 mice. Phosphorylated tau normalized to total tau (M) (one-way ANOVA, P AT8 = 0.9610, P Thr231 = 0.7995; n = 4 mice per genotype) is also shown. All samples in (D) to (L) were normalized to actin or RAP and then to the control (TAM− and VEH+) mice. Data are presented as means ± SEM. amounts of time in the closed arm ( fig. S3B ). Together, these two measures of anxiety suggest that Reelin cKO mice have low hypoanxiety that emerges with time.
In addition to anxiety and motor deficits, heterozygous reeler mice have reduced prepulse inhibition (PPI), which is an indication of disrupted sensorimotor gating (20) . We tested PPI in the cKO mice, which had normal startle amplitudes in response to tones ranging from 70 to 120 dB ( fig. S3C ), at three prepulse tones: 74, 78, and 86 dB. Surprisingly, Reelin cKO mice showed no alterations in PPI at 74 and 86 dB, with a significant, though only slight, increase in PPI at 78 dB (Fig. 3B) . Together, these mild phenotypes suggest that the anxiety and sensorimotor deficits found in heterozygous reeler mice are caused by the loss of developmental functions of Reelin, and further validate the importance of the cKO model for understanding the roles of Reelin in the adult and aging brain.
Reelin cKO mice have no deficits in learning and memory
Given the mild phenotype on anxiety and sensorimotor tests in these mice, we wondered about the effect of Reelin loss on learning and memory. Reelin modulates learning and memory; notably, heterozygous reeler mice are impaired on some memory tasks, and intraventricular injection of Reelin enhances Morris water maze performance (14, 15, 19) . To investigate the role of Reelin in adult memory acquisition, we subjected 3-month-old cKO mice to the Morris water maze and fear conditioning tasks. First, in the Morris water maze, mice were trained to find a platform hidden in cloudy water over the course of 10 days, followed by a 60-s probe trial on day 11, in which the platform was removed. Reelin cKO mice showed no differences in acquisition of the platform location (Fig. 3C ) and a similar preference for the target quadrant during the probe trial (Fig. 3D) . Next, mice were tested for alterations in fear learning with contextual and cued fear conditioning. Similar to the Morris water maze results, cKO mice showed normal acquisition and memory in both contextual ( fig. S3D ) and cued fear conditioning ( fig.  S3E ).
Reelin cKO mice have enhanced LTP
Given that Reelin cKO mice are virtually indistinguishable from wild-type littermates by biochemical and behavioral assessments, we wanted to determine whether there were any differences in neuronal function, specifically synaptic plasticity. Because Reelin application enhances q-burst LTP, and heterozygous reeler mice have reduced LTP, we hypothesized that LTP in Reelin cKO mice would be reduced. To investigate the electrophysiological effects of Reelin loss, we performed q-burst LTP experiments on acutely isolated hippocampal slices from 7-month-old cKO mice. Briefly, we recorded field excitatory postsynaptic potentials (fEPSPs) from CA1 dendrites after stimulating afferent CA3 axons (Schaeffer collaterals) and compared the fEPSP slope before and after q-burst stimulation ( Fig. 3E ). Although initial LTP (0 to 20 min) was the same between control and cKO mice (Fig. 3F ), the late component of LTP (between 40 and 60 min) in cKO mice was increased nearly 50% compared to control mice (Fig. 3G ). Input-output curves were similar between the two genotypes, suggesting that the LTP change was not caused by differences in baseline synaptic transmission (Fig. 3H ). These electrophysiological results suggest that, although Reelin cKO mice appear normal according to standard behavioral tests, the electrophysiology of their hippocampi is altered.
Reelin loss does not accelerate plaque deposition or increase Ab amounts in Tg2576 mice
The changes in synaptic plasticity in Reelin cKO mice raised the possibility that these mice might be more sensitive to toxicity induced by Ab oligomers. We have previously shown that Reelin directly protects against Ab toxicity at the synapse in acutely isolated hippocampal slices (12) . Despite the mild behavioral and synaptic alterations in Reelin cKO mice, we suspected that adult loss of Reelin might exacerbate this Ab toxicity.
To investigate the in vivo consequences of Reelin loss on Ab toxicity, we crossed the Reelin cKO line with the Tg2576 (APPSwe) AD model mouse line, which overexpresses a mutant form of amyloid precursor protein (APP) bearing the Swedish mutation (KM670/671NL), resulting in increased Ab amounts starting around 4 months of age (38) .
Ab concentration may correlate with cognitive decline (39) , and Reelin haploinsufficiency increases Ab abundance and accelerates plaque development in one particular strain of mutant APP transgenic mice (40) . We A two-way repeated-measures ANOVA shows a strong effect of time (P < 0.001), a nonsignificant trend of genotype (P = 0.0783), and a significant interaction between the two (P = 0.0129) (TAM−, n = 11 mice; VEH+, n = 10 mice; cKO, n = 14 mice).
(B) Mice were tested for PPI with the indicated tones preceding a 120-dB tone. Data shown are reduction of startle at each prepulse relative to the startle when no prepulse was played before the 120-dB tone (two-way ANOVA, P Interaction = 0.876, P Prepulse intensity < 0.0001, P Genotype = 0.0008; post hoc at 78 dB: TAM− compared to cKO, P = 0.0013; VEH+ compared to cKO, P = 0.0306) (TAM−, n = 16 mice; VEH+, n = 18 mice; cKO, n = 17 mice). (C and D) Morris water maze results from cKO mice. The latency of mice to find a hidden platform over a 10-day training period was measured (C) (two-way repeated-measures ANOVA, P Interaction = 0.9993, P Time < 0.0001, P Genotype = 0.5616; n = 10 per group). On the 11th day, the platform was removed, and the time spent in the quadrant (Q) that had previously contained the platform was measured (D) (two-way ANOVA, P Genotype > 0.999, P Quadrant < 0.0001, P Interaction = 0.1874) (TAM−, n = 16 mice; VEH+, n = 17 mice; cKO, n = 17 mice). (E to H) Reelin cKO mice have enhanced late LTP.
(E) Field recordings were made from the stratum radiatum of the CA1 region of hippocampal slices from 7-month-old Reelin cKO mice before and after application of q-burst stimulation-induced LTP. Every 2 min were averaged for analysis. Sample traces are shown before and after q-burst stimulation (TBS) (right). (F and G) The average LTP at 0 to 20 min was similar between control and cKO mice (F) (unpaired t test, P = 0.9511). At 40 to 60 min, cKO mice had increased LTP (G) (unpaired t test, P = 0.0483). (H) The input-output curves were unaltered between cKO and control mice (unpaired t test, P = 0.9828) (TAM−, n = 15 slices from 6 mice; cKO, n = 11 slices from 4 mice). Data are presented as means ± SEM.
therefore investigated whether adult Reelin deficiency accelerated plaque development in mice injected with tamoxifen or vehicle at 2 months of age and aged for 5 months. To quantify amyloid plaque formation, we performed immunohistochemistry for Ab using the 4G8 antibody (41) in 7-month-old mice and found a lack of plaques in the cortex in these mice (Fig. 4, A and B) . As a positive control for our immunostaining, we also stained brain sections from a 9-month-old APP/PS1 transgenic mouse, which showed readily detectable plaque deposition (Fig. 4C) . We next quantified the phosphate-buffered saline (PBS)-soluble (monomers) and PBSinsoluble (fibrillar) Ab in the brains of Tg2576:Reelin cKO and Tg2576 control (TAM−) mice by Western blot. Ab abundance was low but detectable in Tg2576 mice but varied widely among all the genotypes, and we found no significant difference between Tg2576:Reelin cKO and Tg2576 mice in either the soluble or insoluble fractions (Fig. 4D) . Quantification of the species of Ab present by enzyme-linked immunosorbent assay (ELISA) also revealed no difference in the amount of PBS-soluble or PBS-insoluble Ab 40 or Ab 42 (Fig. 4E) .
Reelin loss accelerates cognitive impairment in Tg2576 mice
Next, we explored if Reelin loss left mice susceptible to amyloid toxicity. Seven-month-old cKO mice were tested in the Morris water maze. At this age, Tg2576 mice accumulate minute amounts (less than 10 pmol/g) of Ab, and cognitive deficits in the Morris water maze are typically not detectable until Ab concentrations are more than a hundred-fold higher (42) . Morris water maze testing revealed that Tg2576 mice demonstrated normal learning and memory at this age as expected, whereas Tg2576: Reelin cKO mice showed severely impaired acquisition and performance on the probe trial equivalent to chance (Fig. 5, A and B) . There was no difference in swim speed (Fig. 5C ), indicating that the impairment was caused by a hippocampal-dependent learning and memory deficit and not a sensorimotor defect. To confirm that the impairment was not due to an age-dependent effect of Reelin loss, we tested naïve 7-month-old Reelin cKO mice in the Morris water maze and found that they performed as well as the wild type ( fig. S4 ). These data thus provide direct evidence that Reelin protects against memory impairment caused by Ab toxicity.
Tg2576:Reelin cKO mice do not have increased LTP
To determine how the presence of Ab affected the increased late component of LTP in cKO slices, we assessed hippocampal synaptic plasticity in Tg2576:Reelin cKO mice and Tg2576 control brains. Because all four genotypes were recorded in parallel, the cKO and TAM− measurements are recast from Fig. 3 . Quantification of q-burst stimulation-induced LTP indicated that the increased late component of LTP in Reelin cKO slices was abolished in Tg2576:Reelin cKO slices (Fig. 5, D to F) . These results show that Ab affects synaptic responses to a greater extent in Reelin cKO mice than in control mice, which mirrors the cognitive impairment elicited by low amounts of Ab in these mice.
DISCUSSION
We investigated the physiological importance of Reelin for behavior, synaptic function, and protection against Ab toxicity in the adult brain. Using a Reelin cKO mouse model, we found that the isolated loss of Reelin had only subtle effects on neuronal physiology and function of an adult mouse. However, loss of Reelin rendered excitatory synapses susceptible to functional suppression by Ab, which resulted in impaired learning and memory in a commonly used AD mouse model. Together, our findings provide in vivo evidence that highlights the key role of Reelin signaling for the protection against Ab toxicity in the adult brain. Since the identification of the reeler mouse phenotype (18) with its severe ataxic phenotype, disrupted layering in several brain regions, and early lethality, and the discovery of the Reelin gene (17) , researchers have studied the role of Reelin in brain development, synaptic function, and neuronal disease. Several studies have pointed to a prominent role for Reelin in adult synaptic function. First, application of Reelin to acute hippocampal slices enhances q-burst LTP (11). Likewise, intraventricular injection of Reelin into wild-type mice enhances learning and memory (14) . Conversely, heterozygous reeler mice have reduced amounts of Reelin and deficits in both LTP and learning and memory (19) .
Given the behavioral deficits observed in heterozygous reeler mice, we tested Reelin cKO mice on a battery of behavioral measures and were surprised to find that the mice were indistinguishable from their wild-type littermate controls by most parameters, except for slow-onset hypoanxiety and minor enhancement in PPI. These findings suggest that most phenotypes described in heterozygous or homozygous reeler mice are caused by developmental changes in the brain, and not by acute loss of Reelin signaling in the adult brain. They also stress the importance of using a cKO model to study the consequences of loss of Reelin function in the adult brain. Our findings contrast those found in mice with a postdevelopmental loss of Dab1, which is the primary cytosolic adaptor protein for Reelin. Dab1 cKO mice have a marked deficit in spatial learning (25) . Although these behavioral differences could be explained by different mouse backgrounds, there are other possible explanations. Although they are generally (47) (48) (49) . Thus, Dab1 loss may also suppress synaptic plasticity through these partners (48, 50) . Intriguingly, ApoJ is also a late-onset AD risk gene (51) . Thus, the products of several AD risk genes-ApoE, ApoJ, and APP-converge on their common binding partner Apoer2 at the synapse. This convergence further emphasizes the importance of Reelin signaling through ApoE receptors and underscores the pivotal role of this ligand-receptor complex in protecting the synapse from Ab-mediated suppression.
The reeler mouse shows defective neuronal migration, and disruption of Reelin signaling with CR-50, an anti-Reelin antibody, leads to granule cell dispersion (30) . This dispersion is observed in mesial temporal lobe epilepsy (MTLE), the most common form of epilepsy (52) . Intrahippocampal kainic acid injection causes granule cell dispersion in mice (53) , which is associated with reduced Reelin abundance in the hippocampus (30) . Supplementation with Reelin can prevent granule cell dispersion after kainic acid injection (54) . We found that complete loss of Reelin in adult mice resulted in no dispersion of the granule cell layer, suggesting that additional signaling cascades are activated in response to enhanced glutamate release in MTLE and experimental kainate application, respectively, eventually leading to increased granule cell motility and dispersion (55) .
Despite relatively normal behavioral and histological findings, Reelin cKO mice showed electrophysiological changes, including enhancement in the late component of LTP, in contrast to the reduced q-burst LTP found in heterozygous reeler mice (19) . Electrophysiological assessment suggests that the LTP phenotype in Reelin cKO mice is similar to that observed in ApoE4 knock-in mice, which also show enhanced LTP (56) and Reelin resistance, meaning a state of impaired response to endogenous or exogenously provided Reelin analogous to the impaired cellular response to insulin in type 2 diabetes (2). Several synaptic modifications can cause enhanced LTP. One is a change in baseline synaptic transmission, but it is unlikely to be the underlying cause because the input-output curves were similar in cKO and control mice. Another possible mechanism for enhanced LTP is reduced inhibition (57) . Because Reelin is found primarily in inhibitory interneurons in adults, future studies will also need to focus on the effect of Reelin loss on inhibitory function. Alternatively, alterations in glutamate receptor trafficking can change excitability, and Reelin regulates glutamate receptor trafficking, thereby promoting its function, as well as synapse maturation (34, (58) (59) (60) . Finally, Reelin activation of Apoer2 initiates a transcriptional program through CREB (3′,5′-cyclic adenosine monophosphate response element-binding protein) that underlies learning and memory (8, 61, 62) . Loss of this transcriptional program may be a cause for the synaptic and electrophysiological alterations we observed (4) .
Dysfunctional Reelin signaling in human disease has been implicated in schizophrenia, where about 50% reduction of Reelin due to hypermethylation of the promoter region has been reported (8, 63) . Heterozygous reeler mice and human schizophrenic patients display reduced PPI, a defect not present in . However, at 40 to 60 min, the cKO mice had increased LTP, whereas the Tg2576:cKO mice showed similar LTP to control mice (F). One-way ANOVA revealed a significant difference at 40 to 60 min, with post hoc analyses indicating a significant difference between the cKO mice and all other genotypes (P < 0.05, compared to TAM−; P < 0.01, compared to Tg2576; P < 0.05, compared to Tg2576:cKO) but no difference between the other genotypes, including the Tg2576:Reelin cKO mice (TAM−, n = 15 slices from 6 mice; cKO, n = 11 slices from 4 mice; Tg2576:TAM−, n = 11 slices from 4 mice; Tg2576:cKO, n = 10 slices from 4 mice). Data are presented as means ± SEM.
the cKO mice. These animals showed a small increase in PPI, which points to a developmental origin for the schizophrenia caused by Reelin deficiency. Impairment of Reelin signaling has been implicated in the cognitive impairment that manifests itself in AD. Patients with AD have alterations in Reelin abundance and glycosylation (64) , and disease-associated singlenucleotide polymorphisms (SNPs) have been identified in the RELN locus in female AD patients (65) . Additionally, a genome-wide association study (GWAS) found an association between SNPs in RELN and a high Braak score (high plaque and tangle load) in cognitively normal individuals. Individuals with high Braak scores and normal cognition also have increased Reelin abundance (66) . This correlation of increased Reelin abundance with increased AD pathology and lack of cognitive deficits could be an indirect effect of the RELN SNPs promoting AD pathology. However, on the basis of our finding that loss of Reelin accelerates cognitive decline in Tg2576 mice independent of AD pathology, we suggest that these RELN SNPs render neurons resistant to Ab accumulation by increasing the bioavailability of Reelin.
ApoE4 is the primary genetic risk factor for AD (1). We have previously identified a direct synaptic role for ApoE4 in impairing the active recycling of the ApoE receptors Apoer2 and Vldlr, which also bind Reelin, to and from the synaptic surface through an unknown mechanism, which leaves neurons unable to respond effectively to Reelin signaling (2). Because ApoE4 also promotes AD pathogenesis through other mechanisms [for example, increasing inflammatory processes, increasing tau phosphorylation, and reducing clearance of Ab (67)], we sought to isolate the effects of Reelin loss on the background of increasing Ab accumulation, which occurs in the early stages of AD. To do this, we crossed our Reelin cKO mice with the Tg2576 AD mouse model line, which has a relatively slow rate of Ab accumulation that starts around 4 months and a cognitive decline not occurring until old age (42) . We studied these mice at 7 months of age, at a time when Ab oligomers have started to appear, but no amyloid deposition or cognitive decline has occurred (68) .
Previous studies of Reelin in mouse models of AD have shown that Reelin affects Ab abundance and amyloid deposition (15, 40) . Ab-overproducing mice that are haploinsufficient for Reelin show a more rapid deposition of amyloid plaques and uncharacteristically develop neurofibrillary tangles at 15 months of age (40) . Typically, Ab-overproducing mice that are not transgenic for human tau do not develop tangles. In addition, nonphysiological and ectopic overexpression of Reelin in APP/PS1 transgenic mice slows plaque deposition and rescues memory impairment on the novel object recognition task (15) . We have shown that the loss of adult Reelin in the context of minimal Ab overproduction did not accelerate plaque development despite severe impairments in memory formation. Our findings contrast with those of Pujadas et al., who were using an artificial overexpression system and animals expressing Reelin in the wrong cell type, which precludes conclusions about the physiological functions of Reelin. As predicted by our earlier studies (12) , overexpression of Reelin can strengthen the intrinsic synaptic defense mechanisms against Ab-mediated suppression; however, simple overexpression of Reelin in vivo does not allow us to deduce whether Reelin is indeed important for controlling synapse function in the presence of physiological amounts of Ab. Moreover, using a Reelin cKO mouse model that also produces low amounts of human Ab, we have established an animal model that allows us to gauge the importance of this evolutionarily ancient signaling pathway in protecting against a prevalent neurodegenerative disease of humans. Whereas our findings do not exclude an effect of Reelin loss on amyloid abundance at later stages of disease progression, they do suggest that it is indeed impaired Reelin signaling, through resistance to Reelin signaling induced by ApoE4, by which ApoE4 sensitizes the synapse to damage by Ab (2).
AD is a devastating neurodegenerative disorder that affects millions of people worldwide. Thus far, Ab-directed therapeutics have proven unsuccessful in treating patients, suggesting that a novel therapeutic approach is called for. We have shown that reduction of Reelin signaling in the adult brain, as occurs in aging and in the presence of ApoE4, leaves neurons susceptible to toxic damage caused by Ab. Our results suggest that protecting and promoting Reelin signaling could be an effective method to prevent AD. This opens a new avenue to the identification of new types of therapeutics that can enhance Reelin abundance or restore normal lipoprotein receptormediated signaling in ApoE4 carriers.
MATERIALS AND METHODS

Animals
B6.Cg-Tg(CAG-cre/Esr1)5Amc/J mice, which we referred to as CAGCre ERT2 mice, were obtained from The Jackson Laboratory (21) . The B6.129S4-Meox2tm1(cre)Sor /J mice, which we referred to as Meox-Cre, were provided by M. Tallquist (24) . Tg2576 mice were obtained from Taconic (38) . Animals were group-housed in a standard 12-hour light cycle and fed standard mouse chow ad libitum. All animal care protocols were done in accordance with the Institutional Animal Care and Use Committee of the University of Texas Southwestern Medical Center and the University of Freiburg.
In light of the complexity of the genetic crosses and the different origins of the animal strains involved in this study, it has not been possible to conduct all experiments on a strictly homogenous C57Bl/6 strain background. To ensure a minimal effect of strain background on the behavioral results we have found, all animals that were compared were brother/sister crosses that only differ by the absence or presence of Cre recombinase. Moreover, discovering a robust response like the one discussed here in a mixed background, as opposed to an inbred one, further strengthens the validity of the conclusions, rather than diminishing them. It also further supports the applicability of the results to the even more genetically heterogeneous human population.
Generation of the Reln flox/flox mouse
To create the targeting vector for the Reelin cKO mouse line, pJB1 [described in (69)] was used as background vector, and murine SV129J embryonic stem (ES) cell DNA was used as template DNA to amplify the short homology arm (SA; 1.35 kb), the fragment containing the first exon (EX1; 1.25 kb), and the long homology arm (LA; 9 kb). To incorporate the first loxP site, a Cla I and a Pvu I restriction site were included in the SA reverse and the EX1 forward primers, respectively. By three-fragment ligation, the (i) SA (cut with Sal I and Cla I) and (ii) EX1 (cut with Sal I and Pvu I) fragments were combined by a (iii) loxP coding linker (two annealed oligos with sticky ends for Cla I and Pvu I) and cloned between the Neo and HSVTK selection marker genes (Xho I site, compatible ends with Sal I) of pJB1. The resulting vector was opened with Not I to insert the 9-kb LA fragment 3′ downstream of the loxP/FRT-flanked neo cassette. The primers used were as follows: SA_forward, 5′-ATCGATGTCGACGGAA-GTTTTGCTTCTTCCGGTG-3′ (Sal I); SA_reverse, 5′-CAAT-CGATGTTGTTTGTCTACGCCGGCTGCAAC-3′ (Cla I); EX1_forward, 5′-CCTTCTCGCGATCGCGCGTCCTCGCAGAACGGGCAGCC-3′ (Pvu I); EX1_reverse, 5′-GCGGCCGCGTCGACTGGGCAGCCACC-GACCAAAGTGCTC-3′ (Sal I); LA_forward, 5′-TGTTGCGGCCGC-GGCGGCCAGTTAAAAGTTCCCGCTG-3′ (Not I); LA_reverse, 5′-GTCGACGCGGCCGCTTCCATAAAAGGGAAGAGCAAGATG-3′ (Not I). The oligos used were loxP_forward, 5′-CGATAACTTCGTATAG-CATACATTATACGAAGTTATAT-3′, and loxP_reverse, 5′-CGATA-TAACTTCGTATAATGTATGCTATACGAAGTTATCGAT-3′. ;CAG-Cre mice. These were again backcrossed to Tg2576 mice, and offspring used in the experiments were brother/sister crossed CAG-Cre hemizygous and Tg2576 hemizygous mice. To ensure a minimal effect on the behavioral results we have found, all animals that were compared were brother/sister crosses that differed only by the absence or presence of Cre recombinase.
Tamoxifen injections
At 2 months of age, mice were given daily intraperitoneal injections for 5 days of tamoxifen (135 mg/kg; Sigma) dissolved in sunflower oil. Control mice were injected with sunflower oil vehicle.
Antibodies
The following primary antibodies were used for the described experiments: NeuN (Millipore, Mab377; 1:300), NMDAR2B ( 
Western blotting
Mice were deeply anesthetized with isoflurane and decapitated, and the hippocampi and cortices were rapidly dissected on ice. Tissues were immediately flash-frozen in liquid nitrogen. The tissue was homogenized in radioimmunoprecipitation assay buffer [50 mM tris (pH 8.0), 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP40] with protease and phosphatase inhibitors and then centrifuged at 14,000 rpm for 15 min to remove debris and nuclei. To analyze tau protein, tissues were homogenized in buffer [0.1 M MES (pH 6.8), 0.5 mM MgSO 4 , 1 mM EGTA, 2 mM dithiothreitol, 0.5 M NaCl, 2 mM phenylmethylsulfonyl fluoride, 20 mM sodium fluoride, 0.5 mM sodium orthovanadate, 1 mM benzamidine, 25 mM b-glycerophosphate, 10 mM p-nitrophenylphosphate, aprotinin (10 mg/ml), leupeptin (10 mg/ml), 1 mM okadaic acid] and then clarified at 14,000 rpm for 5 min at 4°C. The supernatant was boiled for 5 min in a water bath and then put on ice for 5 min; the precipitated proteins were removed by centrifugation 14,000 rpm for 5 min. The supernatant was saved for analysis, as previously described (3) . Protein concentration was determined using the Bio-Rad DC Protein Assay. Ten micrograms of protein was resolved on 4 to 15% Bio-Rad polyacrylamide gels and then transferred onto nitrocellulose membranes. The membranes were blocked in Odyssey (LI-COR) blocking buffer for 1 hour at room temperature and then incubated overnight in primary antibody. The membranes were protected from light and incubated with 1:3000 Odyssey secondary antibodies and then imaged on the Odyssey CLx Infrared Imaging System. Phosphorylated Src was quantified using ECL secondary antibody and developed using the SuperSignal West Femto Maximum Sensitivity Substrate because of low signal (Life Technologies). Blot quantification was performed using Image Studio software.
Behavioral characterization
All animals were allowed to acclimate in their home cage in the behavior facility for at least 1 hour before experimentation. Experiments were performed between 1400 and 1800. After completion of behavioral studies, Reelin knockout was confirmed by Western blot, and cKO mice that did not show greater than 95% reduction of Reelin in the forebrain were removed from data analysis.
Rotarod
Mice were placed on a Rotamex rotarod apparatus facing away from the experimenter. The rod was initially rotating at 2 rpm and then accelerated at a rate of 1 rpm/5 s until the mice fell off the rod or 300 s had passed. The time to falling off or the first "spin," when the mouse completed a full rotation holding on to the rod, ended the trial. The mice received four trials per day over the course of 10 days with a 15-min inter-trial interval. The slowest of the four trials was excluded, and the remaining three trials were averaged.
Open field
Mice were individually placed in the center of a VersaMax animal activity monitor, which contained a 42 cm × 42 cm acrylic box with a small layer of bedding. Activity was measured by beam breaks over the course of 60 min in bins of 2 min each. Movement was analyzed using the VersaDat analysis software.
Elevated plus maze
Mice were placed at the center of the elevated plus maze, which consisted of two open arms and two closed arms. Mice were allowed to explore the maze for 5 min, and the time spent in each arm was scored automatically.
Prepulse inhibition
Mice were placed in an SR-LAB startle response system. After 5-min acclimation to a background 70-dB noise, the mice first received five 120-dB tones to record baseline startle. They were then given a series of pseudorandom pairings of a 120-dB tone immediately preceded by a 0-, 74-, 78-, or 86-dB tone. PPI was calculated as the percentage of the average startle at each decibel over the average startle at 0 dB (no tone). After PPI training, mice were tested for startle amplitude over a range of decibels from 70 to 120 dB.
Morris water maze
Mice received a 2-day pretraining before Morris water maze in which they were placed in a small tub (30.5 cm × 61 cm) to find a fixed, hidden platform. They received eight trials per day in which they were given 30 s to find the platform. Mice who did not reach the platform within 10 s for six of eight trials on the second day did not proceed to the Morris water maze. More than 95% of the mice passed the pretraining. For the Morris water maze, mice were placed in a 120-cm-diameter pool that was made opaque with white washable paint. A 10-cm-diameter platform was placed in the center of the northeast ("target") quadrant of the pool, 1 cm under the surface of the water. Mice were placed in the pool starting in each of the four ordinary (N, S, E, W) directions in a pseudo-random order. A mouse was allowed 60 s to find the platform, and if unsuccessful, they were guided to the platform by the experimenter. After reaching the platform, mice remained there for 5 s before removal from the pool. Four trials happened per day, with a 5-min inter-trial interval. Mice were trained for a total of 10 days. On day 11, the platform was removed for the probe trial, in which the mice swam in the pool for 60 s, and the time spent in each quadrant was recorded. On day 12, the platform was moved to the southeast corner, and its location was made obvious using a flag for the visible probe trial. Mouse movements were recorded and analyzed by the HVS Water software (HVS Image).
Fear conditioning
On day 1, mice were placed in a shock chamber for a 6-min training period, during the last 3 min of which they were exposed to three pairings of a 20-s shock followed by a 2-s 0.6-mA shock. On day 2, mice were placed in the chamber without the tone for 3 min, and the extent of freezing was recorded. Four hours later, mice were placed in a different context for 7 min, and during the last 4 min, they received three exposures to the tone. Mouse freezing was recorded with the FreezeFrame program and analyzed using the FreezeView program (Actimetrics).
Histology and immunohistochemistry
Mice were sacrificed with isoflurane and perfused with 20 ml of ice-cold PBS followed by 20 ml of ice-cold 4% paraformaldehyde (PFA) in PBS. Brains were removed and postfixed in 4% PFA overnight at 4°C. Brains were immobilized in 5% agarose in PBS, and 50-mm-thick sections were sliced on a Leica VT1000 S vibratome. Sections were stored in 0.02% sodium azide in PBS at 4°C. For cresyl violet staining, sections were mounted on charged slides and dried at room temperature overnight. Slides were serially placed in 100% ethanol, 95% ethanol, and double-distilled water, and then stained in 0.1% cresyl violet. Slides were destained in 95% ethanol, then placed in 100% ethanol and xylene, and mounted. NeuN and Reelin immunohistochemistry was done by blocking slices in 3% goat serum for 3 hours at 4°C, then overnight in 1:300 NeuN or 1:500 G10 antibody. Alexa Fluor 594 goat anti-mouse secondary antibody was applied for 2 hours at room temperature, and then hippocampi were imaged at 20× for NeuN. Sequential images of the anti-Reelin sections were acquired using a 10× objective and stitched together using Microsoft Image Composite Editor. For Ab immunostaining, sections were blocked in 3% H 2 O 2 in methanol for 20 min, followed by 88% formic acid pretreatment for 3 min. The sections were blocked for 2 hours at room temperature with tris-buffered saline (TBS) containing 10% normal horse serum, 2% DL-lysine, 0.25% Triton-X, and a Fab mouse immunoglobulin G (IgG) (H&L) antibody fragment of antimouse IgG (1:1000; Rockland Immunochemicals Inc.). Ab was detected with the antibody 4G8 (1:1000; Covance) followed by incubation with biotinylated anti-mouse IgG secondary antibody. Bound antibodies were visualized by using an ABC (avidin-biotin complex) kit (Vector Laboratories) and a diaminobenzidine kit (Sigma).
Golgi staining
Golgi staining was performed using the FD Rapid GolgiStain Kit (FD Neurotechnologies) according to the manufacturer's instructions. Slices of 200-mm thickness were obtained with a vibratome (4) . Z-sections of the Golgi-stained brains were acquired to measure the spine density of CA1 apical dendrites. Images were zoomed in 4× to measure the height and width of the spines.
Granule cell dispersion
Six serial sections of dorsal hippocampus were taken from each fixed brain and stained with cresyl violet. Images were taken at 20×. The length of the dentate gyrus was divided into 100-mm segments, and at the center of each segment, the width was measured. The average width per animal was taken for each n.
Ab quantification
Protein extraction from fresh-frozen mouse forebrain (0.4 g) was carried out in 1 ml of 1× TBS containing protease and phosphatase inhibitors. The tissue was homogenized with a micropestle (Eppendorf) followed by sonication. The homogenate was centrifuged for 30 min at 14,000g at 4°C. The supernatant (soluble fraction) was transferred into fresh tubes and kept at −80°C until further use. The remaining pellet was resuspended in 1 ml of PBS containing 1% Triton-X followed by sonication and centrifugation as previously mentioned. For the Ab ELISA, the tissue was homogenized in PBS and then centrifuged at 14,000 rpm for 25 min at 4°C. The supernatant was reserved (soluble fraction), and the pellet was homogenized in 0.5 M guanidine, allowed to solubilize for 3 hours, and then spun at 14,000 rpm for 25 min (insoluble fraction). A sandwich ELISA was performed using antibodies donated by D. Holtzman. Briefly, Nunc MaxiSorp (Thermo) plates were coated with either HJ2 (anti-Ab 40 ) or HJ7.4 (anti-Ab 42 ) and incubated overnight at 4°C. Plates were then incubated with blocking buffer for 1.5 hours. Plates were incubated overnight with the soluble and insoluble tissue samples. The plates were then incubated with HJ5.1-biotin, which recognizes both forms of Ab. The plates were coated with streptavidin-poly-HRP40 (Pierce) and then developed with Super Slow 3,3′,5,5′-tetramethylbenzidine (Sigma).
Field electrophysiology and q-burst LTP q-Burst LTP was performed as previously described (2). Briefly, mice were deeply anesthetized with isoflurane, and their brains were quickly removed and placed in ice-cold high-sucrose slicing solution (110 mM sucrose, 60 mM NaCl, 3 mM KCl, 1.25 mM NaH 2 PO 4 , 28 mM NaHCO 3 , 0.5 mM CaCl 2 , 5 mM glucose, 0.6 mM ascorbic acid, 7 mM MgSO 4 ). Transverse slices (350 mm) were cut using a Leica VT1000S vibratome. Slices were allowed to recover in ACSF (124 mM NaCl, 3 mM KCl, 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , 10 mM D-glucose, 2 mM CaCl 2 , 1 mM MgSO 4 ) for 1 hour at room temperature before the experiments. For recording, slices were transferred to an interface chamber perfused with ACSF at 31°C. Slices were stimulated in the stratum radiatum with concentric bipolar electrodes (FHC) using an isolated pulse stimulator. The stimulus intensity was set to 40 to 60% of the maximum peak amplitude, as determined by measuring the inputoutput curve. After the baseline stabilized, a q-burst was applied using a train of four 100-Hz pulses repeated 10 times with 200-ms intervals, and the train was repeated five times at 10-s intervals. The resulting LTP was measured for 1 hour after q-burst stimulation. Data were analyzed using LabView 7.0.
Statistical analysis
Data were analyzed with GraphPad Prism software (version 6.0, GraphPad Software). Data are shown as means ± SEM, and statistical significance was set at P < 0.05.
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